Modelling Of C02 Leakage in Cement Plug in Abandoned Well by Mohamed Yousop, Muhammad Adib
Modelling Of C02 Leakage in Cement Plug in Abandoned Well
by
Muhammad Adib bin Mohamed Yousop
Dissertation submitted in partial fulfilment of
the requirements for the












Muhammad Adib bin Mohamed Yousop
A project dissertation submitted to the
Chemical Engineering Programme
Universiti Teknologi PETRONAS
in partial fulfilment of the requirement for the
BACHELOR OF ENGINEERING (Hons)
(CHEMICAL ENGINEERING)





This is to certify that I am responsible for the work submitted in this project, that the
original work is my own except as specified in the references and
acknowledgements, and that the original work contained herein have not been
undertaken or done by unspecified sources or persons.
MUHAMMAD ADIB BIN MOHAMED YOUSOP
ACKNOWLEDGEMENT
I am most grateful to my supervisor Dr Anis Suhaila bt Shuib for her
excellent support and guidance throughout my Final Year Project. I have been very
fortunate to work under her supervision, and I thank hers sincerely for her advice,
encouragement and patience. I would like to thank Dr. Norhayati bt Mellon,
Department of Chemical Engineering, for giving me an opportunity to complete this
project until the end.
I would also like to thank Zafri Mahmud, Fairol Izwan, Ahmad Nasriuddin
Faiq Rosli, Ariff Mohamed and all One-Baja team members at University Teknologi
PETRONAS, for their effective help with software and for providing valuable
modelling advice. I would also like to express my appreciation to the Department of
Chemical Engineering, Universiti Teknologi PETRONAS, for the significant
contribution in providing me a space and the facilities prior to the project
completion.
Last but not least, I am most indebted to my parents, Mohamed Yousop and




Greenhouse gasses emission is serious problem to the environment. Carbon
capture and storage is one of the methods to control and reduce the number of gasses
release. There is a significant amount of CO2 stored in the well bore that suffered
from leakage. The potential leakage paths of C02 can be identified thorough the
cement plug in the abandoned wellbore due to the exposure of high CO2
concentration after years of operation. The permeability and integrity of the cement
will determine how effective it is in preventing leakage. This research is to discover
the effects of permeability of the cement plug which is made by Portland cement'
with the risk of CO2 leakage from abandoned well in Carbon Capture and Storage
projects.
A computational fluid dynamics tools, ANSYS FLUENT will be employed
where the solution of K-epsilon Model and Eddy Dissipation model in the wellbore
geometry is sought. However, the reaction of Portland cement has to be defined
earlier before the permeability of cement plug can be determined using Darcy Law
equation. The flow will be modelled and simulated in which the effect of
permeability will be studied.
The results show the mass fraction of calcium bicarbonate has been increased
after the iteration is completed and the value of the density at different cement length
is obtained from the simulation. The density is found to be decreased by the
increment of cement plug length, thus it given high value of permeability at face
sizing of 200000umand 2135 numbersof mesh elements is applied in the model.
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Greenhouse Gas (GHG) emissions become a serious threat to the environment
presently. The primary greenhouse gases in the earth's atmosphere such as carbon
dioxide, methane, nitrous oxide, and ozone are a major issue in the context of global
climate change and it is already recognized by all experts, government and public
opinions throughout the globe.
In 1997, an outline called Kyoto Protocol stated that all participated parties or
countries must ensure that their total anthropogenic carbon dioxide equivalent
emissions of the greenhouse gases do not exceed their assigned amounts, calculated
pursuant to their quantified emission limitation and reduction commitments and in
accordance with the provisions of this, with a view to reducing their overall
emissions of such gases by at least 5 per cent below 1990 levels in the commitment
period 2008 to 2012 (Nations, 1998).
Among the portfolio of measures to reduce GHG emission, carbon sequestration
project or carbon capture and storage (CCS) projects may control and reduce the
numbers of gaseous from being released to the atmosphere (Houdu, Poupard, &
Meyer, (2008)). According to Beckwith (Beckwith, 2011), over 200 CCS projects
were active or planned worldwide at the end of 2010, a net rise of 26 from 2009. Of
these, 77 large-scale integrated projects at various stages development. North



























































































































































































































































































































































































































































































stored in the oil reservoirs was 2284 million tonnes for the 40 years injection period
which is 31% of the total amount stored.
Risk assessment and management is a vital area of research and development since
they were related to the impacts ofhealth, safety and environment. At the same time,
this assessment can measure the efficiency of the CCS project in terms of the
emission reduction of GHG. Ergo, numerous mathematical models and numerical
simulation tools have been developed as they play an important role in quantifying
the risk of any possible environmental contamination. Wellbore integrity is a main
challenge to prove the reliability and safety of the C02 storage within geological
formations. It means that the well will not be a source of leakage pathway.
1.1.1 Computational Fluid Dynamic
Computational Fluid Dynamic will be applied in the present study to simulate the
potential leakage pathways along with leakage distribution. This is the initial attempt
to formulate concept of the fluid mechanics and develop an understanding of
complex process.
Computational fluid dynamic (CFD) is a branch of fluid mechanics that uses
numerical methods and algorithms to solve and analyze problems that involve fluid
flows. The fundamental bases of almost all CFD problems are the Navier-Stokes
equations which define any single-phase fluid flow. These equations can be
simplified by removing terms describing viscosity to yield the Euler equations.
Basically, there are three main procedures when modelling using CFD which are pre
processing step, the simulation step and the post processing step. There are several
reasons CFD is being widely used today. One of them is it can predicts performance
before modifying or installing a new system. CFD cost also much less compared to
experimental method. Furthermore, the time consumes to run a CFD modelling is
also less compared to experimental method.
1.2 PROBLEM STATEMENT
CO2 leakage within the wellbore environment became a serious concerned to the
people nowadays as the emission of this gas may harm to the environment.
Abandoned wells are typically sealed with cement plugs intended to block vertical
migration of fluids. In addition, active wells are usually placed with steel casing,
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Figure 1 : Typicalwell abandonment in Alberta Canada(a) Drilled and abandoned
well (D&A)Open Hole; (b) Cased,completedand abandoned (Watson& Bachu,
2007)
The permeability and integrityof the cementplug cement in the abandoned wellbore
will determine how effective the cement is in preventing fluid leakage. The cement
must be able to maintain a low permeability over lengthy exposure to reservoir
conditions in a CO2 geological storage project (Djimurec, Pasic, & Simon, 2010). A
common type of cement which is normally used in industry is Portland cement.
However, due to degradation of the cement over time and bad cementation process,
several potential leakage pathways are identified as the area where carbon dioxide
can penetrate to the formation or the surface layer (Celia, Bachu, Nordbotten, Gasda,
& Dahle, 2004). These include leakage between the cement and the outside of the
casing (Figure 2a), between casing and cement well plug (Figure 2b); through the
cement plug (Figure 2c); leakage through the casing (Figure 2d); through the
fractures (Figure 2e) and finally between cement and formation (Figure 2f) as
described on the figure below.
Figure 2 : Potential leakage pathway in the wellbore (Celia, Bachu, Nordbotten,
Gasda, & Dahle, 2004)
High concentration of carbon dioxide may cause the acidic environment within the
wellbore and it is identified as a critical factor in evaluating deeper leakage potential
Thus, it will effect the wellbore cement, casing and elastometer and reduce the
integrity ofone particular well (Watson & Bachu, 2008).
Numbers of researchers develops the fluid dynamic modelling in order to study the
distribution of CO2 leakage. This report will focus volume of CO2 disperse from the
well through the cementplug as shown in Figure 2c and how the reaction involved in
the cement plug will affected the result. Various parameters such as relative
permeability, capillary pressure, fluid saturation and wettability have been
investigated by previous scholars to correlate the multiphase flow in the porous
media with the risk of C02 leakage. However, this thesis work only considered
permeability as the parameter.
The well of 4.5ft internal casing diameter is abandoned for the geological storage
project purposes and the 200ft height of cement plug is located in the production line
of the abandoned well. Conventionally, Portland cement plug is used to avoid the
CO2 migration to the surface layer through the wellbore. However, high composition
of Calcium Hydroxide present in the Portland cement leads to increase in
permeability within high CO2 concentration environment. CO2 and water reacted
between one another to produce acid carbonic and flows within the wellbore with the
velocity of30m/s.
Typically, the well temperature increases about 3°C for each 100m depth (Sauki &
Irawan, 2010), therefore the temperature of 316.653K used for total depth of 2040ft.
For depleted gas reservoir, the upper limit storage pressure is related to the reservoir
discovery pressure which is usually in the range of 0.43 to 0.52psi/ft of depth which
is equal to 5.92Mpa at given depth.
1.3 OBJECTIVES
1. To study the chemical reaction involved in Portland cement using
computational fluid dynamic (CFD) simulation.
2. To evaluate the effect of permeability of Portland cement (cement plug) with
the risk of CO2 leakage from the abandoned well.
1.4 SCOPE OF STUDY
The main focus in this research is on the effect of Portland cement's permeability
with the volume of CO2 leakage within the abandon wellbore in Carbon Storage
Project. The form of data is shown in Computation Fluid Dynamic simulation since
this kind of simulation is recognized as one of the effective practice to relate the
mathematical equation with the case study when the boundary condition is given. In
fact, many models can be used in order to complete the simulation. Density of the
reaction is taken into account in order to determine the permeability of the cement
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plug of the reaction took place. This step is important in order to correlate the
multiphase flow in the porous media with the risk of CO2 leakage. From that, the
feasibility to place to place the Portland cement as the plug in abandoned well is
questioned.
1.4.1 Relevancy of project
This project aims to help in determining the feasibility of Computational Fluid
Dynamic (CFD) modelling in monitoring the effect of permeability of Portland
cement (cement plug) with the volume of CO2 leakage. Further study of relating the
effect of permeability of Portland cement and the volume of CO2 leakage distribution
in Carbon Capture and Storage Project can be performed if the CFD modelling
approach is proven to be viable for the process.
1.4.2 Feasibility of project
The project will be supervised by modelling the computational fluid dynamic by
using Ansys Fluent. The chemical reaction involved in Portland cement (cement
plug) is simulated using the software and the permeability of the Portland cement is
determined. Then the effect of permeability with the volume of CO2 leakage is
connected by Darcy Law. Thus, this equation becomes the most significant thing
throughout the project span which is two (2) semesters of Final Year Project.
1.4.3 Limitation of the study
There are several limitations while this research is conducted. This has resulted in
difficulty to find specific journal or article related to this study because of limited
access to the information while some of them have to be paid for. In addition, most
of the data were used in this thesis is from the secondary sources that obtain from the
library, the accuracy and reliability were fully depends on the publish materials. Any




This chapter describes the equation used in the simulation such as k-epsilon model
and eddy dissipation model plus the relationship between the Darcy law in
homogenous porous medium in determining the volume of CO2 dispersed from the
wellbore through cement plug based on several research which have done earlier by
external researchers. Permeability of the cement plug is the main concern in this
report.
2.2 EFFECT OF HIGH C02 CONCENTRATION ON CEMENT PLUG
C02 can react with the different materials used to construct a well. When it reacts
with cement, the strength of the set cement is decreases (Djimurec, et al., 2010; Ide,
Friedmann, & Herzog, 2006; Nygaard, 2010) Thus, its permeability and porosity
increased and it may leads to loss of well isolation. Portland cement is
thermodynamically unstable in C02-rich environments and can degrade rapidly upon
exposure to CO2 in the presence of water (Onan, 1984).
The reaction products are soluble and the carbon dioxide gas may migrate out of the
cement sheath or plug. Four major crystalline compounds in Portland cement are
tricalcium silicate (Ca3Si05), dicalcium silicate (Ca2Si04), tricalcium aluminate
(Ca^AljOs), and tetracalcium aluminoferrite (Ca4Al2Fe20io). The most plentiful
phases in Portland cement are the silicates, containing over 80 wt % of the cement,
mostly in the form of tricalcium silicate. When the compounds of Portland cement
mixed with water, the main hydration products formed are C-S-H and calcium
hydroxide Ca(OH)2(Kutchko, Strazisar, Dzombak, Lowry, & Thaulow, 2007)
Other scholar found that there is another way on how the permeability and porosity
of the Portland cement can increase. For example, Santra et al (2009) found that
there are mainly three different chemical reaction stages involved in Portland
cement- CO2 interaction which are formation of carbonic acid, carbonation of
Portlandite and/or cement hydrates and dissolution of calcium carbonate (CaC03)
(Santra, Reddy, Liang, & Fitzgerald, 2009)
At the beginning of the stage, carbon dioxide gas is reacted with water to form
Carbonic Acid (H2CO3) as the product. The reaction may causes lowering in local
pH but its depend on other parameters such as temperature involved in the reaction,
partial pressure of CO2, ion present in water and others.
The second stage which is carbonation of Portlandite and /or cement hydrates, the
calcium hydroxide - Ca(OH)2 is reacted with carbonic acid to produce calcium
carbonate (CaC03) and water. The side reaction may produce silica (Si02) as the side
reaction between crystalline phase and carbonic acid take place. Those reactions may
result densification, leading to increased hardness and volume expansion of the
Portland cement. In severe case, it may result to the development of cracks or
fracture of the cement.
The last step is dissolution of carbonic acid where in this stage carbonic acid and
calcium carbonate will react to form calcium bicarbonate - Ca(HC03)2. Effects of
this reaction are increase porosity and permeability of the Portland cement. At the
same time, it may reduce the overall mechanical integrity of the well and potential
loss of the wellbore in extreme cases. However this stage only can happen when the
cement is surrounding by dissolved C02 in long period or end ofwell life cycle.
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2.3 MATHEMATICAL EQUATIONS
In order to simulate the effect of permeability of Portlandcement (cement plug) with
the volume of C02 leakage from the wellbore, mathematical equation must be
defined earlier so that the all the parameters can be linked simultaneously. All the
equation related to the case study will be discussed in Chapter 2: Literature Review.
Those equations are important in order to model the fluid dynamic of CO2 leakage
volume.
Apparently, numbers of researchers start to develop the correlation to correlated the
effect of permeability with the volume of CO2 disperse. In few examples, the data is
represented just by showing the graph (Celia, et al., 2004; Chang, Minkoff, &
Bryant, 2008; Geloni, Giorgis, & Battistelli, 2011; Viswanathan, et al., 2008.).
However, not all modelling can be clearly seen if it is demonstrated in that kind of
representation. As the improvement, this thesis work will discuss the effect of
leakage within the wellbore environment by using Computational Fluid Dynamic
(CFD) in order to represent the data effectively
2.3.1 Darcy Law
Darcy's law can be defined as proportional relationship between the instantaneous
discharge rate throughout porous medium, the viscosityof the fluid and the pressure
drop over a given distance (Ren & Wijshoff, 2008). This relation can be expressed in
mathematical equation as below;
p, L
Where;
Q = Units ofvolume per time (m3/s)
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k = Permeability ofthe medium (m2)
A = Unity of area (m )
Pi = Pressure of phase i (Pa) ~ Pb - Pa ^Pressure drop
u. ~ Viscosity (Pa.s)
L = Length the pressure drop is taking place over (m)
The negative sign represents the direction of the fluid flows. Fluids flow from high
pressure to low pressure. The flow will be in the positive 'x" direction if the change
in pressure is negative (where Pa > Pb). Dividing both sides of the equation by the
unit of area can be written in the form
q = — VP (2)
Where;
q = Flux - discharge per unitarea, withunitof the length per time (m/s)
VP = Pressure gradient vector (Pa/m)
k = Permeability of medium (m )
p = Viscosity (Pa.s)
Permeability is part of the proportionality constant in Darcy's law which relates
discharge (flowrate) and fluid physical properties (e.g. viscosity), to a pressure
gradient applied to the porous media:
Where;
AP
u = Superficial fluid flow velocity through the medium (m/s),
k = Permeability ofa medium (m2)
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u. = Dynamic viscosity of the fluid (Pa-s)
AP = Pressure difference (Pa)
Ax = Thickness of the bed ofthe porous medium (m)
The proportionality constant specifically for the flow of specific fluid (i.e oil, air and
water) through a porous media is called the hydraulic conductivity (Kumar & Jain,
2012). Permeability is a portion of this, and it is a property of the porous media only
but not the fluid. Given the value of hydraulic conductivity for a subsurface system,
k, the permeability can be calculated as;
Where;
u
k = K~ (4)
Pg
k = permeability (m /s)
K = hydraulic conductivity, m/s medium (m )
p = density ofthe fluid (kg/m3)
p = dynamic viscosity (kg /m.s)
g = acceleration due to gravity, (m/s ) = 9.81 m/s
2.3.2 K-Epsilon Model
K-epsilon model is a two equation model type of turbulence model. The equation is
widely used for most of the CFD based problems and become the industry standard
models lately. It used commonly for most types of engineering application since it
allows a two equation model to account for history effects like convection and
diffusion of turbulent energy (Subrahmanyam, 2008; Wilcox, 1998). However, it is
known that k-epsilon model is less stable in comparison with otherturbulence model
such as SST model, thus it makes it a bit more complicated to use.
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2.3.3 Eddy-Dissipation Model
The Eddy Dissipation model is best applied to turbulent flows when the chemical
reaction rate is fast relative to the transport processes in the flow. The model is
differs in especially relating the dissipation of eddies to the mean concentration of
irregular quantities instead of concentration fluctuation (Yeoh & Yuen, 2009).
Significantly the model does not call for a solution of equation for the entities;
yn2 ytt yii y~n2 n7J i ynl
lfu ' IfuIox> 1fu aaa TOX •
Nevertheless, the simplification of the eddy dissipation model should be viewed from
the proposition whereby the mean quantities appear intermittent within the turbulent
fluid. Strictly speaking, the eddy dissipation model should only be used for one step
and two step reaction. To extend the eddy dissipation model to include detailed
reaction mechanism, it is more preferable to adopt the generalized eddy dissipation





Methodology is a set of procedure or methods used to conduct research. These
research methods are important to gather information such as users' preferences,
opinions and suggestions. This involves the data collection method and sample data
used in this study as well as the development of the theoretical framework. The aim
of this study is to show the effect of permeability of Portland cement (cement plug)
with the volume ofCO2leakage using Ansys Fluent.
3.2 RESEARCH METHODOLOGY
Essentially, there are three major steps in creating Computational Fluid Dynamic
(CFD) simulation. The process comprises of pre-processing, solving, and post
processing steps (Eesa, 2009). In thepre-processing phase, it is required to model the
geometry and the physical properties of the design, as well as the environment inthe
form of applied loads or constraints. The methodology includes building the
geometry, generating a computational mesh, determining the equitation to be solved,
specifying the boundary condition, and entering the data. After pre-processing, the
CFD solver does the calculation and produces the results. Solving is the phase where
the flow characteristic of the mesh is determined using some mathematical equation
at every node of the mesh. Finally, post-processing process concern more on the
analysis work on the result generated. It involves organization and interpretation of
15
the data and images. It is important in order for users to retrieve more accurate result
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3.3 IDENTIFY THE CASE STUDY
Generally several simulation models, whether or not concerned with fluid dynamics,
used in well integrity and well monitoring studies in the past few years. Since this
thesis work is to study effect of high concentration of CO2 to the volume leakage
through cement plug during well abandonment, it is required to look for a cause that
may lead to the leakage of CO2 from abandoned well.
In order to analyse the effect and cause of the situation happened in Portland cement,
a set of simulation was built throughout the research. This thesis will focus on the
reaction involved in Portland cement particularly during dissolution of Calcium
Carbonate (CaCOs). Then, the data reported from the simulation is used and the
permeability graph is plotted at different density value to increase the relevancy of
the project. This method is important in order to study the effect of the density to the
change on permeability of Portland cements.
To achieve the first objective, the reaction is assumed to happen inside an empty
space instead of simulating the model directly in porous media. The generalized
eddy-dissipation model has been used to analyze the chemical reaction involved in
Portland cement. The reaction is modelled using a global multi-step reaction
mechanism, assuming complete conversion of the CO2 and H2O to Calcium
bicarbonate Ca(HC03)2- The reaction equation is;
Reaction 1: Formation of Carbonic Acid
C02 + H20 —H2C03
Reaction 2: Carbonation of Portlandite and/or Cement Hydrates
Ca(OH)2 + H2CO3 -> CaC03 + H20
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Reaction 3: Dissolution of Calcium Carbonate (CaC03)
CaC03 + H2C03 -> Ca(HC03)2
The mass fraction of 0.5 for both Carbon Dioxide and water is used to initiate the
reaction. The second objective in this research is more to the validation of the result.
This section will be discussed more in Chapter 4: Result and Discussion.
3.4 PRE-PROCESSING PHASE
Pre-processing phased provides a Graphical user interface (GUI) to define physical
properties. In this phase, a goal is set and the problem is define .This is the part
which decision on what results are actually is looking for. Once the problem is
defined, conditions must be defined for the problem. These are known as initial
conditions.
3.4.1 Model geometry development
It is important to study the geometry or condition encountered for the case that has
been mentioned earlier in this chapter. This is to ensure the simulation model is
conducted as in real condition. Therefore, the simulation model geometry was
constructed by using Design Modeller (DM) in Ansys Fluent. In order to study the
reaction involved on Portland cement, a rectangular shaped model is used to
represent the cylindrical shaped cement plug in 2-Dimension in order to avoid
complexity throughout this research. In fact, it becomes one of the promising
solutions to represent the data clear and effective. 3-Dimensional diagram is not
feasible to use since it may took longer time for the model to complete the
calculation. Besides, the meshing process and specification of the boundary
condition step becomes more challenging.
A rectangular is first drawn on XY-Plane with the dimension of 4.5ft x 200ft.
Calcium Hydroxide is defined as fluid domain and the other chemical component is
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coming from the bottom side of the geometry (the wellbore inlet). All measurement
is defined in feet.
Domain Height (A}
Dornafn Height
Figure 4: 2-D model geometry









3.4.2 Specifying the Boundary Condition
The boundary conditions must be defined to act as boundaries for the problem. In
this phase, the problem that will be studied is identified, such as what method of
discretization, what numerical methods to use, and what programming language to
use. This step is important since it ensures the model mesh accordingly and all
conditionis considered duringthe experiment in taken into account. For example, the
variation discharge orifices diameter and discharge pressure values during the
experimental activity are noted.








BETWEEN OF INLET AND
OUTLET OF CO, GAS
(CORE PLUG)
CO, DIRECTION
Figure 5 : General Boundary Condition Used
In this report, there are three different set of boundary condition has been identified.
The first boundary condition is cement plug inlet. The Velocity Inlet sets the
boundary conditions for a velocity inlet zone, the area where all the material except
calcium hydroxide is added before they enter to the surface body. The inflow
velocity can be defined by considering the velocity magnitude and direction, the
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velocity components, or the velocity magnitude normal to the boundary.
Furthermore, the velocity is applied normal to the boundary in this case under
consideration as velocity inlet.
The second boundary condition is cement plug outlet, the area where all the mixture
is leaving the surface body. The boundary condition at the section parallel to the axis
is specified as pressure outlet, which indicates that the pressure acts on the drop and
the gauge pressure is set to zero and the hydraulic backward flow is set as 10% to the
pressure outlet section.
I t $i L* rfr flif SJtt . '/ i
A
Figure 6: Boundary Condition Setup in Ansys Design Modular
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The final boundary condition for the first part in this report is the surface body. This
area represents the porous zone where all the reaction takes place. Initially, Calcium
Hydroxide is defined as the domain fluid in the surface body since the major element
of the Portland cement is known to be Calcium Hydroxide. For simplicity, in this art
the reaction is assumed happened in empty space instead of simulating it in the
porous zone. Theboundary condition is summarized as shown in the Table 3 below.
Table 3: Summary ofthe boundary condition used
Boundary Condition Description
Cement plug inlet
Velocity inlet where all the material
except calcium hydroxide is added
before they enter to the surface body
Cement plug outlet
area where all the mixture is leaving the
surface body
Surface Body
Area represents the porous zone where
all the reaction takes place.
3.4.3 Model Meshing
Next is to mesh the model when the geometry is finally dimensioned. In this stage
the continuous space of the flow domain is divided into sufficiently small discrete
cells, the distribution of which determines the positions where the flow variables are
to be calculated and stored. Variable gradients are generally more accurately
calculated on a fine mesh than on a coarse one. A fine mesh is therefore particularly
important in regions where large differences in the flow variables are expected. A
fine mesh, however, requires more computational power and time. The mesh size is
optimised by conducting a mesh-independence test whereby, starting with a coarse
mesh, the mesh size is refined until the simulation results are no longer affected by
any further refinement.
The domain was carefully meshed in a manner which maximized the detailing of the
importance region. In this thesis work, high number of cell elements was applied to
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the surface body. The value of mesh sizing at the surface body is used in order to
increase or decrease the cell element. It is unnecessary to refine any specific area of
the boundary condition since the observation and result depends only on the surface
body. System geometry is represented by using front view.
Preliminary simulations were performed from a quadrangle mesh for the space
discretization (Houdu, et al., (2008)). The maximum layer is increased up to 10
layers and fine relevance and span angle centre is applied. In addition, Curvature
mode is implemented in this 2D axisymmetric flow geometry as an advanced size
function in order to improve the orthogonal quality of the mesh. The model mesh
was constructedas figure belowwith the total of 2135 elementsand 2144 nodes.
Figure 7: Model meshing
The different value of mesh sizing is also used in order to validate the data
accurately. It is rather important in order to obtain the optimum number of mesh
while the orthogonal quality of the mesh is still on top. This process called grid
generation study.
Grid generation study is conducted in order to achieve the optimum number of
element or mesh size, yet the value of orthogonal mesh quality must close to 1. The
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highest point at element metric is near to 1, the higher quality of mesh produced in a
good form. This study is important to see the effect of different mesh sizing or the
number of the element towards the accuracy of the result. Different set of mesh size
is decided in order to obtain the best result with lowest number of mesh elements
used in the model. Four different models with different mesh sizing and number of
element are generated using Ansys Mesh prior to the solving process. The
specifications of the gridgenerated are summarized as tabulated below.
















50000 32913 0.9991253208 1 0.999993758 2.45031E-05
100000 8540 0.9996279797 1 0.999995855 1.65349E-05
150000 3654 0.9997687306 1 0.999992882 2.03541E-05
200000 2135 0.9998550894 1 0.999998514 7.84335E-06
The orthogonal quality chart is shown in Figure 8 to Figure 11. The value of number





























Figure 11:Orthogonal quality report at MeshSizing = 200000pm
25
1.00
From the result, it is observed that different size of mesh sizing generates different
number of element thus it produced different result between one another. Smaller
size of mesh requires more computation time and processor capability which is
sometimes not favourable within the time constraint. Generally, all models produced
the same value of mass fraction and density. The value does not really dependent
with mesh sizing and number ofelement.
However, other specification must be analyzed before the mesh is chosen. First, the
closes mesh quality to 1. Models with face sizing of 50000pm and 200000pm seem
to have higher quality compare to the models 100000pmand 150000 of face sizing.
Then, the element metric and standard deviation of the element metric must put into
consideration. A model with higher minimum element metric and lower standard
deviation is preferred since it shows the consistency of the mesh and has small error
within the node; therefore the result is calculated smoothly. In addition, the model
must has smaller mesh number since it may require less processing work and save
more time to generate the model. It becomes more effective and feasible when there
is time limitation to follow. After all of the criteria is taken into consideration and
evaluateddeeply, as a result model with mesh sizing of 200000pm is selected in this
project.
3.4.4 Identify the models setting
Energy equation is applied to make sure the heat transfer model is able to use.
Turbulence model is implemented since the value of the Reynolds number is greater
than 2000. Thus, it leads the model to behave as fully turbulence and therefore the
laminar flow regime in FLUENT viscous model tool becomes insignificant. In
addition, the inviscid flow model also can be neglected since all the fluid involved in
the reaction assumed to have the viscosity.
Realizable k-epsilon model was used instead of other turbulence model such as k-
omega and Spalart-Allmaras model since the model is compatible for axis symmetry
flow. For better convergence, the value for k and epsilon value is remained default
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by FLUENT. Standard wall treatment is implemented rather than choosing enhanced
wall treatment. Enhanced wall treatment only gives better solution on highly refined
wall mesh as while recovering the behaviour of Standard Wall Functions on coarse
meshes. As the activity on the wall is not the main interest in this project, thus the
default near-wall treatment model (Standard Wall Function) is highly recommended.
For species model, the Eddy-Dissipation model is applied in the Turbulence-
Chemistry Interaction group box since the model computes the rate of reactionunder
the assumption that chemicalkinetics are fast comparedto the rate at which reactants
are mixed by turbulent fluctuations (eddies).
Seven different materials and three simultaneous first order reactions are added in
material setup. For every reaction, the default value for mixing rate of A is equal to 4
and B is equal to 0.5are used since the Arrhenius rate is inactive. The eddy-
dissipation reaction model ignores chemical kinetics such as the Arrhenius rate. The
values for Rate Exponentand Arrhenius Rate parameters are included in the database
and are employed only when the alternate finite-rate/eddy dissipation model is used.
The summary for the list of materials and the reaction involved is shown as Table 5
below.




























Ca(OH)2 1 1 CaC03 1 0
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The calculation will be performed assuming that all properties except density and
specific heat are constant. The use of constant transportproperties (viscosity, thermal
conductivity, and mass diffusivity coefficients) is acceptable because the flow is
fully turbulent. The molecular transportpropertieswill play a minor role compared to
turbulent transport. In solution method setup, Coupled Pseudo Transient solution
method is applied and Pseudo Transient is enabled. The Pseudo Transient option
enables the pseudo transient algorithm in the coupled pressure based solver. This
algorithm effectively adds an unsteady term to the solution equations in order to
improve stability and convergence behaviour. For general fluid flow problems this
option is highly recommended.
3.5 PROCESSING AND SOLVER EXECUTION PHASE
After the pre-processing works are completed, next process is solving or processing
process. In the processing phase, the computer code used to solve the problem at
hand has been written and is compiled. This phase is mainly user-free because the
computer is performing hundreds and thousands of calculations in order to simulate
the problem at every step in time. Solving process plays an important role in CFD
simulation where all setting and the formula involved in the boundary condition will
be applied. The end result of this phase is a large collection ofdata.
3.6 POST PROCESSING PHASE
After the pre-processing works are completed, next process is solving or processing
process. In the processing phase, the computer code used to solve the problem at
28
hand has been written and is compiled. This phase is mainly user-free because the
computer is performing hundreds and thousands of calculations in order to simulate
the problem at every step in time. Solving process plays an important role in CFD
simulation where all setting and the formula involved in the boundary condition will
be applied. The end result of this phase is a large collection ofdata.
3.6.1 Model validation
For post-processing process, executed results will be evaluated. Validation of CFD
models is often required to assess the accuracy of the computational model. This
assessment can assist in the development of reliable CFD models. Validation is
achieved by comparing CFD results with available experimental, theoretical, or
analytical data. Validated models become established as reliable, while those which
fail the validation test need to be modified and revalidated. Validated CFD models
contribute the application ofCFD in industry and research to grow for better result in
the future. However, validation using experimental or theoretical data is not always
possible, since such data are sometimes unavailable in the previous work. A review
of the literature in CFD validation can be found in Oberkampf and Trucano (Eesa,
2009).
3.6.2 Permeability validation
Since the second objective in this dissertation is to determine the permeability of
Portland cement with the volume of C02 leakage through the cement plug, different
length ofcement plug is selected to produce the XY-graph of permeability versus the
density. For each reaction, the value of density and the viscosity is reported from the
simulation and the value is then used to complete the Darcy Law equation. The
density at different cement plug height is reported from the Ansys Fluent. The value
























Contours of Mass fraction of oc<ch>2 Aug 10, 2012
ANSYS FLUENT 14.0 (2d, dp, pons, spe, ske)
Figure 12: Contours ofmass fraction ofcarbonic acid
High concentration of Carbon Dioxide is reacted with the water to produce acid
carbonic. The volume of carbomc acid inside the surface body is higher at the initial
phase of the reaction. In fact, the mass fraction of carbonic acid is increases over
time since the reaction of acid carbonic formation keeps going over time. The mass
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fraction of carbonic acid is higher at the inlet area (bottom part of the surface body)
is because the flowrate of 30m/s for both 0.5 mass fraction of Carbon Dioxide and
0.5 mass fraction of Water is supplied constantly until the iteration is completed.
However, the mass fraction of carbon dioxide and water is reducing since the both of
them are used as reactant for the reaction. Figure 12 show the mass fraction of
carbonic acid after the iteration is completed.
Colours of Mass fraction of ca<ch>_2 Sep 05,2012
ANSYS FLUENT 14.0 (2d, dp, pbns, spe. ske)
Figure 13: Contours ofmass fraction ofcalcium hydroxide
Over the time, most of the carbonic acid that enters to the surface body is reacted
with calcium hydroxide. Calcium hydroxide is the major hydration product of
Portland cement when it mixes with water. It is also selected as the domain fluid in
the surface body at the initial stage. The rate of acid carbonic attack the calcium
hydroxide may differ relative to the temperature and pressure in the system. The
hydration of Portland cement increase as the temperature and pressure increases.
Thus, it may leads to the formation of calcium hydroxide at large scale and at the same
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time increases the value of mass fraction of calcium hydroxide (Sauki & Irawan,
2010). In addition, flowrate of carbonic acid also plays an important role in
determining the rapidity of the Portlandite carbonation. Further explanation will not
be discussed in this report since this dissertation only interested with the reaction
involved at constant temperature and pressure. In addition, the flow rate of carbonic
acid is also set as constant without regard to the flowrate reduction while the reaction
is carried out. The process of Carbonation of Portlandite or Cement Hydrates formed
calcium bicarbonate and high percentage of water. Simultaneously, the mass fraction
of the Calcium hydroxide is declining at the bottom part of the surface body, leaving





















Contottfs of Mass fraction ofcaco3 Sep 05, 2012
ANSYS FLUENT 14.0 (2d, dp. pbns, spe, ske.)
Figure 14: Contours ofmass fraction ofcalcium carbonate
Figure 14 show the mass fraction of Calcium Carbonate after the iteration is
completed. Only few percentage of calcium carbonate left in the system since most
of them are used as one of the reactant to perform the following reaction which is the
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dissolution of calcium carbonate. At this stage, again acid carbonic is then reacted
with the calcium carbonate to form the last product of all three reactions. It shows
that, the remaining element left in the surface body is dominating by Calcium





















Contours of Mass trartion of ca<hco 3> 2 Aug10.2Q12
ANSYS FLUENT 14.0 (2d, dp, pbm. Spe, ske)
Figure 15: Contours of massfraction of calcium bicarbonate
Therefore, the equation is proven since the mass fraction of calcium bicarbonate is
increasing after the reaction is completed. In addition, the final mixture has lower
density thanthe calcium hydroxide. The result is used in the next section to prove the
relationship between the density with the value of permeability at given length of
cement plug. However, some errors had occurs when conducting the simulation. It is
due to several limitations such as unavailability of the parameters detail and the
boundary condition setting led the simulation is not display in the appropriate
manner.
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4.2 EFFECT OF PERMEABILITY WITH THE VOLUME OF C02
LEAKAGE
Table 6: Summary of the dimension used
Cross section area of cement plug (m2) 0.47032
Inlet Pressure (Pa) 5929491
Outlet Pressure (Pa) 5336592
Dynamic Viscosity (kg/ms) 0.0000172
Length the ofcement plug (m) 60.96
Table above shows the entire dimension and the setting used for the simulation. This
information is important in order to relate the correlation between permeability with






















Contours of Density (kgAn3) Sep 05.2012
ANSYS FLIENT 14.0 <2d,dp, pbns, spe, ske)
Figure 16: The contours of the density
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Figure 16 show the value of the density inside the surface body (cement plug) after
the reaction is completed. Bottom part of the model has higher density in comparison
with the top part of the model due to high number of material in the bottom part. The
value of the density at different length of cement plug is reported using Ansys Fluent
using line / rake surface function. The data obtainedis given in the table below.
Table 7: Value of the density at different length







The graph is below is plotted to show the relationship between cement plug length
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Figure 17: Graph of cement plug length against the density
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In order to study the permeability involved in the reaction, density is identified as
one of the parameter in Darcy Equation. Thus the value of the density obtained from
Table 8 above is used in order to determine the permeability of the mixture. The
value of permeability at given density is clearly tabulatedin table below.
Table 8: Value ofthe permeability at different density
























Figure 18 : Graph of permeability against the density
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300 350
In order to show the relationship between the permeability at different high and
changed in density at the particular cement plug length, the data is clearly tabulated
as shown in table below.
Table 9: Value of thecomparison between density andpermeability and different
cement plug length
































Figure 19 : Graph of cement plug length against the permeability
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From all three graphs, we can summarize that the density of the cement plug is
changing at different length across the vertical direction. The density is declining
when the length of cement plug is increasing. Different situation shows in the
second graph where the permeability is proportionally inversed to the density.
Calcium bicarbonate that produced from the reaction has 73.756 kg/m3 ofdensity,
which is lower in comparison with the calcium hydroxide that having the density of
2210 kg/m3. As the density of the calcium bicarbonate is lower, thus the permeability
is higher. According to Santra et al (2009), the permeability of the Portland cement is
increasing after the dissolution of calcium bicarbonate took place in the Portland
cement. Initially the permeability is of the Portland cement is equalto 7.8874e-10 m
which is equal to permeability to calcium hydroxide and after the reaction is
completed the permeability is increasing to 2.2377e-8 m2. Thus, the result has been
validated by the theory that the permeability of Portland cement increase as the
reaction is completed.
It also proves that the lower part of cement plug has lower permeability due to the
high density value. However, with middle part and theupper part of the cement plug
has higher permeability due to lower density value. As a result, the CO2 can easily
move through the more permeable system of which the domain element is calcium





As a conclusion, the cement plug environment constitutes a key element to consider
in the long term integrity performance of a well. Darcy law in a homogenous porous
medium are the most significant equations throughout the project span. Not to forget,
in order to develop the Computational Fluid Dynamic modelling, Darcy Law
equation becomes a vital knowledge in designing the model. These equations
describe the relationship between the densities with the value of the permeability.
Eddy-Dissipation model and K-epsilon model is used in order to complete the
reaction in Portland cement. Some assumptions have been formulated on the
permeability values to solve the numerical simulations. Improvements in the
modelling will have to be performed to take into account the significant differences
between some parameters values.
The numerical simulations have highlighted the competition between the
permeability of Portland cement (cement plug) and the volume of CO2 leakage
dispersed to the surface. The reaction model in Portland cement has been
successfully developed using ANSYS Fluent. The reaction model was developed in
order to obtained the data for determining the permeability value at given density.
From the result, the permeability of the cement plug is increased after the iteration is
completed. It is due to the high number of calcium bicarbonate produced in the
systemthat reducingthe value of the density. Hence, the value of the permeability of
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the cement plug is increasing when the Darcy Law is applied. It clearly shows that
this may harm the geological storage environment because there is possible of C02
leakage within the wellboredue to permeability change in the Portlandcement. Thus,
future research is necessary in order to improve the sustainability of Portland cement
as the plug for the abandoned well.
5.2 RECOMMENDATION AND FUTURE WORK FOR EXPANSION
Since this research is kind of new thing, thus no reference data or simulation can be
used in for validation purposes. This report is based on engineering theory and it
relies 100% from the information that have been discussed earlier in this dissertation
in order to validate the data. Below are several recommendations on the future work
in order to completethe objectives and increasethe relevancyof this project:
Mesh Aug 28, 2012
ANSYS FLUENT 14.0 (3d, dp, pirns, ske)
Figure 20: 3-D geometry result from Ansys Fluent
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Introduce the porous media function along with the reaction involved in
Portland cement instead of simulating the reaction model in hollow space. 3-D
model is constructed and the boundary condition is identified as wellbore inlet,
porous zone inlet, porous zone, porous zone outlet and wellbore outlet as
shown in Figure 20 above. The density of porous zone is set as 73.756 kg/m
and C02 is defined as inlet material. Both K-epsilon model and porous media
function is enabled in order to obtain the desired result.
The relevancy of the result may improve by considering different CO2 leakage
potential pathway. Thus, different boundary condition must beselected.
To relate the effect of high level of Calcium Bicarbonate in the system with
changing of permeability of Portland Cement
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